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One-third octave spectrum analyses of the exhaust noise 
produced by a medium sized pneumatic rock drill Here obtained during 
free recriprocation to determine the most troublesome bands of noise. 
Noise reduction techniques were then used to design exhaust mufflers 
which would reduce the level of the exhaust noise to an acceptable 
level with a minimum increase in back pressure. 
The prototype mufflers evaluated included an expansion chamber, 
a resonator, and various modified expansion chambers. One of the 
modified expansion chambers tested provided very good attenuation 
reducing the exhaust noise from 113 dBA to 87 dBA at the operator•s 
ear position. It caused only a slight increase in the back pressure 
and no detrimental effect on drill performance. The resonator 
muffler did not provide acceptable attenuation of the exhaust noise. 
Muffler development progressed under the assumption that icing 
would not be a problem. However, the icing characteristics of the 
final prototype muffler v1ere studied and a possible method to prevent 
icing is suggested. 
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Pneumatic rock drills provide the most v.ridely used method of 
percussion impact used to drill holes in mining operations. They 
have also been long recognized as one of the major sources of high 
intensity noise associated Hith the mining industry. 
With the greater concern in recent years over noise as one of 
the several causes of deafness in the employees of the mining 
industry, the demand for quieter drilling operations has increased. 
With this increased demand for quieter drilling operations, a study 
into the practical exhaust silencing of a pneumatic rock drill will 
be met with enthusiasm by the mining industry. 
In this research program, the exhaust noise of a medium sized 
pneumatic rock drill was measured and analyzed. A practical muffler 
was then developed which would reduce the exhaust noise to an 
acceptable level with a minimum increase in exhaust back pressure. 
1 
2 
II. LITERATURE SURVEY 
As a part of the United States Bureau of ~1ines t·1ineral Industry 
Health Program, a survey of forty metal, non-metal, and coal mining 
facilities across the nation was conducted by Derzay and GoodHin (1)* 
in October and November of 1969 to determine the noise levels that 
miners were subjected to in their \'JOrki ng environments. The survey 
showed that a large percentage of the employees of the mining industry 
are working in an environment of excessive noise as compared with 
currently accepted guide lines for noise control. 
A total of 62 different sources of noise creating 90 dBA or 
more, at a position corresponding to that of the operator's ear, \-Jere 
measured. Of these, 37 created noise levels greater than 100 dBA, 
14 greater than 110 dBA, and 4 had values in excess of 120 dBA. All 
observations of noise levels above 115 dBA were from pneumatic rock 
drills. 
Hiller (2) determined that there were three predominant sources 
of noise produced by the rock drill: air exhaust noise, drill steel 
vibrations, and noise produced by mechanisms \'lithin the drill. 
Walker (3) and Uoldo (4) each state that the two main sources of 
noise are the air exhaust noise and the impact or drill steel noise. 
Holda calculated, on an energy basis from measurements with an Atlas 
Copco BBD 45 drill, that 87.5% of the rock drill noise comes from the 
*Numbers in parenthesis refer to listings in the Bibliography. 
exhaust air and 12.5% from the impact of the piston in the drill 
against the drill steel, which causes vibrations in the drill steel 
and in various parts of the drill. He further concluded that, in 
relation to the useful energy produced by the rock drill, the noise 
energy was only 0.08%. 
3 
A detailed investigation into the sources of noise in pneumatic 
rock drills was conducted by Bei ers (5) to determine the nature and 
approximate quantitative value of each important noise source in a 
particular test drill. He concluded that, at the operator's ear 
position, the order of importance of the individual noise sources 
contributing to the overall intensity were: exhaust process, mount-
ing rattle between the drill and the pusher leg, movement of the rifle 
bar, rock penetratinn, valve movement, and the percussion impact 
between the piston and the drill steel shank. 
Using a drill producing approximately 123 dB at the operator's 
ear, he was able to arrive at the following values for the three most 
offending noise sources: exhaust noise - 122.5 dB, mounting rattle -
113.5 dB, rifle bar noise - 109.5 dB. 
Through various modifications of and additions to the rock drill, 
Beiers was able to reduce the overall sound pressure level from 117 dB 
to 98.5 dB at the operator's ear during an actual drilling operation 
in the field. This reduction in SPL was at the expense of a 45% 
reduction in drilling efficiency. The major cause for this reduced 
efficiency was the use of a nylon valve which oscillated less rapidly 
than its steel counterpart, causing a reduced penetration rate. 
4 
Knovdng from previous research (2) that the exhaust noise \vas 
the most offending noise source, De~voody, Chester, and Hiller (6) 
worked to develop a muffler for quieting the exhaust of a rock drill 
through the use of electrical analogies. Their mufflers, Hhich were 
reactive in nature, were designed from analogous electrical circuits 
and proved to be quite effective when tested under no-flow conditions. 
However, when tested with airflow, it was found that air exiting from 
the muffler, through a constricted exit opening, produced enough noise 
to nullify the benefits of the muffler. 
Further tests by Chester, DeWoody, and r1ill er ( 7) concluded that 
the shape of the muffler is not critical, within limits, and that the 
muffler could be incorporated into the body of the drill. They also 
determined that increasing the number of exit openings while main-
taining tile same exit area has a markedly beneficial effect on the 
noise generated by the exhaust air as it exits from the muffler. 
Chaffee (8) discusses the problem of reducing the exhaust noise 
in industrial pneumatic tools in rather broad terms v1hich can be 
applied to pneumatic rock drills. He states that, due to the expan-
sion of air through the tool itself, exhaust temperatures as lo\'1 as 
-10 °F may be encountered. This being the case, care should be 
taken not to introduce materials into the exhaust flo\'J that vlill 
cause icing. He further states that in reducing the air noise, care 
should be taken not to increase the back pressure, as this vJill effect 
the performance of the tool. 
He concludes that expansion chambers seem to hold the most 
promise,as they give attenuation over a wide range of frequencies. 
Resonators hold little promise due to their rather narrow band 
attenuation. 
5 
In summary, investigators have distinguished the various noise 
sources in the pneumatic rock drill and have concluded that the 
unmuffled exhaust noise is the most offending source. Although 
mufflers have been investigated that are relatively effective under 
non-flow conditions, little has been published which illustrates how 
a practical muffler could be constructed to reduce the actual exhaust 
noise to acceptable levels. 
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II I. EQU I Pt1ENT AND PfWCEDURE 
In order that sound pressure levels quoted in this \.:ark could be 
compared to measurements taken by other researchers, sound measure-
ment positions were selected according to the CAGI-PNEUROP (9) test 
code. Since the objective of this research program was to develop a 
muffler to suppress the exhaust noise, the measurement procedure VJas 
modified slightly in that rather than drilling vertically into 
granite while the noise measurements were being taken, the drill was 
suspended from ropes and springs and allowed to recriprocate freely 
(see Chapter VII for details). 
A Chicago Pneumatic CP-59 Sinker Drill was made available by the 
United States Bureau of t·1i nes, Ro 11 a t1eta ll urgy Research Center for 
studies. This is a medium sized machine (specifications listed on 
page 11) and is considered to be fairly representative of those 
commercially available. Tests confirmed (Appendix A) that the exhaust 
spectrum produced by the CP-59 drill \vas quite similar to that produced 
by two other medi urn sized drills obtai ned from other manufacturers. 
This being the case, a muffler designed for the test drill should be 
applicable to most other rock drill models \vith only slight modifica-
tions and should produce approximately the same reduction in the level 
of the exhaust noise. 
The air compressor vvas not capable of delivering the required 
flow rate for sustained operation of the test drill at its recommended 
pressure, however it could deliver a total air pressure in excess of 
7 
100 P.S.I. at the drill. An air regulator and moisture trap were 
placed in the air line which enabled the supply air to be regulated 
to a static pressure of 73 P.S.I. at the drill, which is slightly 
belm'l its reconvnended air pressure. In this manner, runs of up to 
two minutes with the freely recriprocating drill could be made \'lith a 
constant air pressure and flow rate. 
The exhaust noise produced during each run was recorded with the 
aid of a magnetic tape recorder (see Appendix B for list of equipment). 
A portion of that recorded tape, approximately 26 inches long, was 
then made into a loop and played continuously through a 1/3 octave 
analyzer and recorded on chart paper with the aid of a graphic level 
recorder. The result was a permanent graphic recording of the sound 
* pressure level as a function of frequency • The tape recorder speed 
selected was 15 inches per second which gave an excellent response 
for the tape recorder of ± 2 dB from 50 to 20,000 cycles per second 
(Hz). The tape loop was the maximum length that the tape recorder 
could accommodate. With a tape speed of 15 inches per second, this 
meant that each loop contained about 1 2/3 second of data. 
* All 1/3 octave spectrograms in this thesis show the sound 
pressure level (SPL) in decibels (dU) defined by: 
p 
SPL = 20 Log 10 p rms {dB) 
reference 
where Prms = root mean square acoustic pressure (dynes/cm2 ) and 
p = reference acoustic pressure (.0002 dynes/cm2 ). 
reference 
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IV. PfUfKIPLE OF DRILL OPERATION AiJO TEST DRILL SPECIFICATIONS 
A. Operation of a Typical Pneumatic Rock Drill 
All hand held pneumatic rock drills of the type investigated in 
this research appear quite similar in external appearance (Figure 1) 
and have basically the same method of operation. In all drills 
recriprocation is attained by means of a self acting or automatic 
valve which admits air first to one end of the cylinder and then to 
the other with the accompanying opening of suitable exhaust ports at 
the proper instant. In all but a few machines, the steel is rotated 
by the piston through the use of a rifle bar and ratchet. 
Dickenson and Slager (10) state that valve action can be separated 
into three main classifications: flapper valves Hhich rock back and 
forth on a flat seat, spool valves which slide back and forth on 
guides, and valves operated by the main current of the air itself. 
Some valves close by seating on flat surfaces, others by one cylinder 
sliding inside another. 
In the operation of a typical pneumatic rock drill described by 
Beiers (5), compressed air is first admitted to the upper portion of 
the cylinder which forces the pi stan forward. At the end of the 
forward stroke, the piston strikes the shank end of the drill steel 
wf1ich is situated in the chuck bushing. The blow energy is transmitted 
through the length of the drill steel to the bit which chips a\vay a 
small portion of the rock face and slightly deepens the hole. 
R-7~805 HAHOLE 
CP-59 SINKER 
•THOr. HAJe0U IOLT COW'. (R-Ml.lt-1'5420,P-e&t, ~ 
HANDLE &OLT HUT 
HAIC>LE BOLT LOCKWASHER 
HANDLE BOLT KEY WASHER 




THROTTLE VALVE. HANDLE 
WATER VALVE KNOa«)UT P.LUG 
THROTTLE VALVE HANDLE NUT LOCKWASHER 
Tt«<TTLE VALVE KAHOLE NUT 
IJR T~ PWG 
AIR TUM: PLUG GASKET 
AIR TUBE WASHER 
AIR TU8E RUIBER 
8L.O'WO POftT PLUG 
RATQCT RING 
VALli[ CAR COYtlt 
VALVE 
011. OEGUUTIIIG STEll --
011. UGUUTIIG STEll 
VAL.vt CASE: SNt,C£llt 
VAI.vt: CAR 
Chicago Pneumatic CP-59 Sinker Drill 
THRU BOLT NUT 121 
THRU BOLT 121 
FRONT HEAD 
RETAINER ABUTMENT RING 
FRONTHEAD COIIIM.ETt IR-7'S921,R-762!501 
RETAINER TRUNNtOfl 
RETAINER SPRING 
=~~~:::-r-:~ ~;~~~~0. 41/4 SHANK 
RETAINER -I' Q.OCT. 4Y4 SHANK 
RETAINER 7. HEX 4- SHANK 
RETAINER COLLAR RWG12HAL~ 
CHUCK l:.HEX. 4'4 SHANK 
Ct«<CK I:.Q. OCT. 4 f4 SHANK 
CttUQI( lltOTATtON NUT Sl.££V( / 
CHUCOC I'OTATION NUT · 
O«JCC( Tit HEX 4 14 SHAMK]/ 
CHUCK 711 0 .0 .4 .. SHAHk f 
(Permission for use obtained from the Chicago Pneumatic Tool Company, ref. drawing no. 1019-C) 1.0 
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Just before the piston strikes the drill steel, the piston head 
uncovers an exhaust port in the cylinder vvall which al10\vs the 
compressed air in the upper cylinder to expand to the atmosphere. /\s 
the piston continues forward to the end of the stroke, it compresses 
the air which is trapped in the lmJer cylinder. The combination of 
the compression of air in the lower cylinder and the releasing of air 
in the upper cylinder causes the air valve to shift positions, 
redirecting the supply air to the lower cylinder. The piston motion 
is therefore reversed and it moves toward the backhead. The piston 
again uncovers the exhaust port and the same process occurs as in the 
forward stroke causing the air valve to again reverse its position. 
The supply air is now redirected to the upper cylinder and the cycle 
repeats. 
Internal groves in the piston head engage with mating inclined 
splines on the rifle bar to form a system which rotates the drill 
steel. This allm·Js a new rock surface to be presented to the bit for 
each blow and prevents the bit from becoming jammed in the hole. On 
the forward stroke, pa\Jls in the rifle bar head slide over the teeth 
of the ratchet ring so that the piston does not rotate. On the back-
ward stroke, the ratchet locks and forces the piston to rotate. This 
rotary motion is transmitted to the chuck bushing which in turn 
rotates the drill steel. 
U. Test Drill Specifications 
The drill specifications as listed by the manufacturer for the 




recommended air pressure 
recommended air consumption 
reciprocation rate 
piston weight 
force delivered by piston 
rifle bar 
2 5/8 inches 
2 5/8 inches 
60 lb 
80 1 b/in 2 
95 fe/min 
1860 blows per minute @ 80 P.S.I. 
4.46 lb 
42 pounds per blow@ 80 P.S.I. 
1:30 (e.g., one rotation for 30 
inches of spline) 
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V. PARAt~1ETERS SELECTED TO EVALUATE MUFFLER PERFORt1AflCE 
In order that the mufflers developed for the suppression of 
exhaust noise during this research project could be utilized by the 
mining industry, four parameters \'Jere selected to evaluate the proto-
type muffler performance. These vJere the insertion loss, back 
pressure developed, adaptability to pneumatic drills, and icing char-
acteristics. 
A. Insertion Loss 
Insertion loss is defined as the difference between the SPL at 
one point in space before and after the muffler is attached to the 
noise source. One-third octave analyses of the exhaust spectrum were 
uti1 i zed to identify the most troublesome bands of exhaust noise so 
that noise reduction techniques could be directed toward them. 
Additional 1/3 octave spectrograms then indicated if these techniques 
were successful. The overall reading on the "A" weighted network of 
a sound survey meter was obtained to give an indication of subjective 
response to the noise. 
The Walsh-Healey Act (II) was used as a guideline for the 
establishment of a design objective for the attenuation produced by 
the exhaust muffler. It is realized that the operation of a pneumatic 
rock drill is intermittent with noise being produced during approxi-
mately six hours of an eight hour shift. This would mean that the 
overall sound pressure level produced during operation should be no 
more than 95 dBA. 
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Since the exhaust process is only one of the contributors to the 
overall noise level, many of which exceed 90 dBA, 90 dBA was chosen 
as the maximum a 11 owab 1 e SPL to \vhi ch the prototype muffler vvoul d 
reduce the exhaust noise. 
Although a reduction of the exhaust noise below 109 dBA to 107 
dBA would not be detectable in present drilling operations due to the 
high intensity noise produced by drill steel vibrations, research 
presently being conducted by the Ro l1 a t1eta11 urgy Research Center is 
making progress in reducing this source of noise. Drill steel noise, 
during a drilling operation, has already been reduced belo\J 100 dBA. 
Continuing research will (hopefully) further reduce this noise source 
to a level such that the reduction of the exhaust noise to 90 dBA will 
be necessary to obtain a quiet drilling operation. 
B. Back Pressure 
Using the penetration rate while drilling vertically into 
granite as a measure of drill performance (see Chapter VI for 
additional information), it was determined that the back pressure pro-
duced by a prototype muffler should be no greater than 2.0 psi. An 
air gage placed at the inlet to the muffler allowed the back pressure 
to be measured without interfering vJith either the operation of the 
drill or the muffler attenuation characteristics. 
C. Adaptability to Pneumatic Rock Drills 
In order that the mufflers developed could be adaptable to new 
and existing pneumatic drills, it was decided that they must be small 
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enough to be incorporated into the case of new drills and practical 
enough to install on existing drills as an add-on feature. Since most 
drills of the medium classification studied in this research are about 
the same size, a length of from 8 to 10 inches toward the fronthead 
from the exhaust port was considered acceptable. It was felt that 
the cross sectional shape of the muffler need not be circular but 
could be as wide as the body of the drill, which is approximately 5 
inches, and extend outward from the body of the drill by as much as 4 
inches. The muffler could be extended from the exhaust inlet toward 
the backhead in order that air escaping from vents in the valve case 
of certain drills could be channeled through the muffler. 
D. Icing Characteristics 
Muffler development progressed under the assumption that icing 
due to water in the supply air would not be a problem and that in wet 
* drills the water could be injected into the drill steel in such a 
manner that it would not enter the cylinder when the drilling operation 
ceases. This would prevent icing within the muffler due to the 
discharge of the accumulated water through the exhaust port when the 
drilling operation is resumed. After prototype mufflers had been 
developed \'ihich were considered acceptable by the first three para-
meters, their icing characteristics v.Jere studied by the introduction 
of water into the exhaust air. 
* Wet drills refer to those pneumatic rock drills in Hhich v1ater, 
rather than air, is used to remove dust and rock chips from the hole. 
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VI. DETER~1INATION OF AFFECT OF BACK PRESSURE Ot·l DRILL PERFORt·1ANCE 
Although Chaffee (8) had stated that in reducing the exhaust 
noise of pneumatic equipment, increases in back pressure should be 
avoided due to decreased tool performance, an investigation was con-
ducted to determine vJhat amounts of exhaust back pressure could be 
tolerated in a medium sized pneumatic rock drill without adversely 
affecting the drill performance. 
The penetration rate into granite during a vertical drilling 
operation was selected as the measure of drill performance to be used 
to determine the effect of back pressure. The CP-59 test drill with 
a 2 ft length of drill steel and a Sandvik Cormant Detachable Bit 
(H thread, 1 3/4 inch diameter, X-design, with tungsten carbide 
inserts) was used for each of the test runs. The timing of the length 
of each run was aided by an electric clock with a sweep second hand. 
Measurements of the depth of a hole were made before and after each 
run with a meter stick. Uack pressure was produced by placing various 
constrictions in the exhaust flow. Tests were conducted on separate 
days with improved techniques on each succeeding day. Each series of 
tests was completed in one day in order that the air supply pressure 
and flow rate would be the same for all runs. 
During the first series of performance tests, runs were of one 
minute duration with the supply air pressure regulated to 73 psi. 
Feed pressure was applied by the operator pushing downward on the 
drill handle. It was attempted to maintain a constant feed pressure 
for all runs. The results of the first series of performance tests 
are shown in Table I. 
Table I 
Average Penetration Rates for First Series of Performance Tests 
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Back Pressure Average Penetration Rate 







Data from this series of tests, which are plotted in Figure 2, 
seemed to indicate that the penetration rate increased with slight 
amounts of back pressure reaching a maximum at about 1.5 psi. Due to 
the relatively short duration of each run, this series of tests was 
not considered to be completely reliable. A second series of drilling 
runs was performed with the length of each run increased to two 
minutes. All other factors were unchanged except for a slightly lower 
supply air pressure. The results of this second series of performance 


















o.o 1.0 2.0 3.0 4.0 5.0 
EXHAUST BACK PRESSURE ( 1b/in2) 






Average Penetration Rates for Second Series of Performance Tests 
Back Pressure Average Penetration Rate 
(lb/in 2 ) (em/min) 






Again the data (plotted in Figure 2) followed the same trend as 
during the first series of tests. Although the dri1ling rates Here 
lower (due to decreased supply air pressure) the penetration was a 
maximum at about 1.5 psi back pressure and decreased vlith increasing 
amounts of back pressure. 
In order to eliminate the effect of the operator on the test 
runs, a third series of drilling runs was designed. In this series, 
a "dead weight" of 75 pounds 11as attached to the handle of the test 
drill. With the dead weight being used to supply the feed pressure, 
the operator could not influence the results by applying a greater 
feed pressure on selected runs. The air pressure was approximately 
the same as used in the first series of tests and a run time of two 
minutes was utilized. The results of this series of performance tests 
are shown in Table III. 
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Table III 
Average Penetration Rates for Third Series of Performance Tests 
Back Pressure Average Penetration Rate 






During this series of tests, excessive bit wear, which affected 
the drilling rate, became noticeable in several of the runs in which 
back pressure was applied to the drill. However, even when these runs 
are averaged with those runs completed before the bit wear became 
noticeable, the average penetration rate (also plotted in Figure 2) 
shows the same trend as the data from the two earlier series. 
Using these performance tests as a basis, it was concluded that 
a muffler for the exhaust air of the test drill could produce a back 
pressure of up to 2.0 psi without adversely affecting the drill per-
formance. During muffler development, no attempt ~as made to induce 
a certain back pressure, rather it was desired to have as little back 
pressure as possible so that if moisture could not be removed from 
the supply air, icing would hopefully not become a major problem. 
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VII. DETEHi~IriATION OF SOutW f1EASUREr1EtH TECHIHQUE 
Using the standards established by the CAGI-PfJEUROP (9) test 
code, initial analysis of the noise produced by the test drill was 
made while drilling vertically into granite. However, it was realized 
that if significant reductions in the exhaust noise were to be recog-
nized and analyzed the drill must recriprocate in a free running 
position. 
A. Sound Measurements During Drilling Operation 
The upper curve of Figure 3 shows the noise spectrum produced 
during a drilling operation in which the overall SPL measured at a 
point one meter from the front of the drill and at the same elevation 
as the geometric center of the drill was 118 dB (116.5 dBA). When a 
length of thick walled rubber hose of 3/4 inch inside diameter was 
used to vent the exhaust air avvay from the measuring location, the 
overall level was reduced to 112 dB (111 d3A). The noise spectrum 
for this configuration is also shown in Figure 3. This illustrates 
that, for the test drill, 75% of the total acoustic energy produced 
during drilling can be attributed to the exhaust process. 
Since the noise produced by rock penetration and the vibrations 
of the drill steel vvas of such a high level, the effectiveness of 
mufflers attenuating the exhaust noise l.Jy 10 d[3 or more could not be 
measured. It was therefore decided that the drill vvould be mounted 
in a vertical position and allowed to recriprocate freely. In this 
manner, the only noise present would be that produced by the exhaust 
process and by the internal components of the drill. 
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Figure 3 
One-third Octave Spectrogram for Noise Produced During a Drilling 
Operation With and Without Exhaust Hose Attached. 
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l:3. Sound f'leasurements During Free Recriprocation 
The drill was suspended from a rope as shown in Figure 4 and 
allowed to recriprocate freely. Various modifications were then made 
to the test drill to determine the optimum configuration which waul d 
allow the attenuation characteristics of prototype mufflers to be 
evaluated. The SPL was measured at bJo positions for each configura-
tion; one corresponding to the same position, relative to tile drill, 
as during the drilling operation (frontal position) and the other 
position corresponding to that of an operator's ear. One-third octave 
spectrograms for those sound measurements taken at the frontal 
measuring position are shown in Figure 5. Figure 6 shows the spectro-
grams obtained from sound measurements made at the operator's ear 
position. 
vJith the drill operating in an unmodified configuration, the 
overall SPL measured at the frontal position was 117 dB (114 dGA), 
(curve A, Figure 5). The level at the operator's ear position was 
112 dB (111.5 dBA), (curve A, Figure 6). 
In order to determine if this operating technique would be 
satisfactory for measuring the effectiveness of mufflers, the exhaust 
hose \-'Jas attached to the exhaust port as shown in Fi qure 7. The 
overall SPL was reduced to 108 dB (102 dBA) at the frontal measuring 
position and to 104 dB (100.5 dBA) at the operator's ear position. 
Curve B of Figures 5 and 6 show the 1/3 octave spectrograms obtained 
at these two positions. 
24 
Figure 4 
CP-59 Test Drill Suspended From Rope During Free Recriprocation 
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Figure 5 
One-third Octave Spectrogram for Noise Produced by Test Uri 11 
During Free Recriprocation at Frontal Measuring Position 
A, Unmodified 
B, Exhaust hose attached 
C, Exhaust hose attached, rotation chuck plugged 
D, Exhaust hose attached, rotation chuck plugged, air from 
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One-third Octave Spectrogram for tloi se Produced by Test Dri 11 
During Free Recriprocation at Operator•s Ear Measuring Position 
A, Unmodified 
B, Exhaust hose attached 
c, Exhaust hose attached, rotation chuck plugged 
0, Exhaust hose attached, rotation chuck plugged, air from 
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CP-59 Test Dri ll Suspended From Rope During Free Recriprocation with 
Exhaust !lose Attached 
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Although the bulk of the exhaust Has carried by the exhaust hose, 
considerable air escaped through the rotation chuck. During the 
drilling operation, this air passes through the drill steel and is 
used to blov1 dust and rock cllips from the hole. I\ plug v1as placed in 
the rotation chuck as shmm in Figure 8 and the levels recorded as 
before. 
Curve C of Figures 5 and 6 respectively shm~ the noise spectrum 
obtained when measured at the frontal position, where the overall 
level was reduced to 103 dB (95.5 dBA), and at the operator's ear 
position, where the level was reduced to 96 dB (90 dBA). With the 
sound pressure level reduced to this level, the major source of air 
noise was nm'l a hole in the front of the drill which vented air from 
the valve case. 
The air coming from this vent v1as fed into the exhaust hose 
further reducing -the overall SPL to 96 dB (89.5 dBA) at the frontal 
position and 92 dB (87.5 dBA) at the ear position. The spectrograms 
for these two positions are shown in curve D of Figures 5 and 6. 
Escaping air from another vent in the valve case was still the 
offending noise source. ·This vent was located under the side bolt 
and could not effectively be vented to an exhaust hose. 
I 
It seemed apparent that even if this source of air noise could be 
reduced, there would probably be other air leaks, noise produced by 
the vibrations of the i nterna 1 components, and a 1 ack of repeatability 
for measuring the effectiveness of mufflers if the drill were operated 
in this manner. 
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Fi gure 8 
Rotat i on Ch uc k wi t h Plug Installed 
32 
C. Isolation of Exhaust fioise From Body l~adiated rJoise and i\ir Leaks 
A chamber v~as constructed :n v1hich the drill could be suspended 
and allowed to recriprocate freely. The exhaust air \JUS vented to tile 
outside of the enclosure with a short piece of one inch inside dia-
meter rubber hose in order that srectrum analyses of exhaust noise 
could be obtained without the affects of uody-radiated noises and air 
leaks from the drill. 
The wall construction of the chamber was of l/2 inch plywood on 
a frame of 2x2 lumber. On the inside of the enclosure, a 1/64 inch 
layer of lead sheet (llb/ft 2 ), as sho\'m in Figure 9, and i 6 inch 
layer of mineral wool, as shown in Figure 10, Here attached. Figure 
11 shows hov1 the dri 11 was suspended from 2x4' s by rui.Juer tui.Ji ng to 
minimize vibrations transmitted to the walls. lJoints in the plyHood 
were sealed with window caulk and adhesive backed lead tape was used 
to seal the lead sheet. 
The chamber was constructed such that no two surfaces were 
parallel. In this manner sounds inside the enclosure would not 
resonate and build up to such amplitudes that they vmul d ue trans-
mitted through the walls. The mineral wool was used for sound energy 
absorption and the lead sheet to provide a high transmission loss 
through the walls. The lid was constructed in the same manner and a 
foam rubber weather strip sea 1 vJas placed bet\.1een it and the sides. 
The supply air hose entered the enclosure through a small hole in one 
side. The space between the hose and the ho 1 e 1·1as sea 1 ed vii th model-
ing clay to prevent air leakage. 
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Figure 9 
Wall Constructi on of Enclosure Showi ng Lead Sheet 
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Figure 10 




Test Drill Suspended Within Enclosure 
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The outlet for the exhaust air was located 92 em above a concrete 
floor and provided a very directional source of noise. The microphone 
position selected was one meter from the exhaust outlet and 50 em 
above the center line of the exhaust air flow. Using this position, 
the microphone would be close enough to the sound source to allow 
small variations in the exhaust spectrum to be detected and would be 
out of the air stream such that air b 1 OltJi ng on the microphone would 
not be a problem. 
Tf1e spectrum shovm in Figure 12 VJas oGtai ned with the dri 11 
operating within the enclosure and the exhaust vented tovatrd the 
microphone. The overall SPL VJas 116 dB (114.5 dB/\). L·Jith the same 
microphone position, but using the exhaust hose to carry the exhaust 
noise away from the measuring location, the overall SPL was reduced to 
77 dB. The spectrum for this configuration is shown in Figure 13. 
The high transmission loss through the enclosure allowed analyses qf 
the exhaust noise and prototype mufflers to be performed without the 
effects of air leaks and body-radiated noise from the drill. The 
background noise (Figure 14) varied from 62 d8 to a maximum of 70 dD 
and did not affect the exhaust analyses. 
The exhaust spectrum obtained when the drill was operating within 
the enclosure was not exactly the same as that of the free running 
dri 11 suspended from the rope but the shape of the spectrum \Jas 
generally tile same. There \vas a s 1 i ght attenuation, due to the 1 ength 
of the hose, of from 3 dD to 4 dB at almost all frequencies except 
those in the range from 150 llz to 250 Hz where the spectrum of the 
drill operating inside the enclosure was 3 to 5 dl3 higher. 
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Figure 12 
une-thi rd Octave Spectrogram for Exhaust tJoi se Produced by Test 
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One-third Octave Spectrogram for Noise Radiated from Enclosure 
with Test Dri11 Operating Inside and Exhaust floise Carried Away 
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Figure 14 
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Prototype mufflers could nO\J be designed and evaluated using the 
exhaust noise from the enclosUJ"e. Knmving the variations L>etHeen the 
actual spectrum and that obtained from the drill operated v~ithin the 
enclosure, corrections could be applied to determine the effectiveness 
of the muffler when installed directly on the drill. 
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VI I I. DES IGfl AND TESTI!IG OF PROTOTYPE t1UFFLERS 
In the design of prototype mufflers, plane motion of the acoustic 
wave was assumed to exist within the muffler. With this assumption, 
the procedures given by reference 12 could be followed in the design 
of expansion chamber and resonator mufflers. 
From a 1/3 octave spectrogram of the unmuffl ed exhaust, for the 
test drill operating inside the enclosure, the most troublesome bands 
of noise were distinguished and noise reduction techniques directed 
toward them. Additional spectrograms of the muffled exhaust were then 
made. A comparison of the two spectrograms indicated the effective-
* ness of the sound reduction technique. Finally, tuning of the muffler 
was utilized to determine the optimum muffler dimensions. 
A. Construction of Prototype nuffl ers 
For ease of construction, prototype muffler bodies were fabri-
cated from polyvinyl chloride (PVC) tubing having an inside diameter 
of 2 13/16 inches and an 11/32 inch wall thickness. The inlet end 
cap was made from a section of 3 1/2 inch diameter solid circular PVC 
with a centrally located inlet hole. This hole was threaded to accept 
a standard 3/4 inch pipe thread. A short section of standard 3/4 inch 
pipe was used to connect the muffler to the exhaust outlet of the 
enclosure, as shown in Figure 15. 
*Tuning consists of varying muffler and/or tail pipe lengths to 
select the dimensions which give optimum sound attenuation. 
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Figure 15 
Prototype Muffler Attached to Exhaust Outlet of Enclosure 
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Tail pipes for expansion chambers were made from lengths of PVC 
tubing having an inside diameter of 29/32 inches and an outside 
diameter of 1 5/16 inches. These were glued to the exit end plate 
\"hich was constructed of l/8 inch thick PVC. Three sections of 
threaded stock connected the inlet and exit end plates and allowed 
the position of the latter to be varied; this arrangement permitted 
the muffler to be tuned by varying the chamber length. Figure 16 
shows the construction of a typical expansion chamber muffler. 
The single chamber resonator mufflers consisted of an enclosed 
volume surrounding the exhaust pipe. The exhaust pipe was fabricated 
from the smaller-sized PVC tubing; communication bet\'leen the enclosed 
volume and the exhaust pipe was achieved by holes drilled through the 
exhaust pipe. The outer shell for the enclosed volume was made from 
the larger-sized PVC tubing. 
The exhaust pipe was glued directly to the inlet end plate. As 
in the expansion chamber mufflers, threaded stock allowed the 
position of the exit end plate to be varied for tuning of the resona-
tors. Figure 17 shows the construction of a typical single chamber 
resonator muffler. 
8. Expansion Chamber Muffler 
Using the procedure given on pages 28 and 29 of reference 12, an 
expansion chamber was designed l1av i ng a 1 ength of 8 inches. Til is 
muffler should have a transmission loss of 12 dB or more in the range 
of frequencies from 173 Hz to 480 Hz vJith a maximum attenuation of 
15 dB at 388 Hz. 
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Figure 16 
Expansion Chamber Muffler 
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Figure 17 
Single Chamber Resonator Muffler 
Tile length of the tail pipe \Jas calculated using the procedure 
given by Harris (13) on page 21-32 \vllo states that a tail pipe \Jill 
improve the effectiveness of the muffler at frequencies in the 
vicinity of: 
* where: c = speed of sound in muffler 
9-t = 9, + . 6r = effective 1 ength of tail pipe 
Q, = 1 ength of tail pipe 
r = inside radius of tail pipe 
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An inspection of the spectrum for the unmuffled exhaust (Figure 
18) reveals that attenuation in the vicinity of 1000 liz 110uld be 
beneficial. Selection of this frequency as one near \Jhich attenuation 
is needed resulted in a design tail pipe length of 2.85 inches. 
r,lthough attenuation at many of the lov1er frequencies \"Jould also be 
beneficial, selection of one of those frequencies Hould have resulted 
in a tail pipe length that could interfere with normal drilling 
operations. 
Figure 18 shows tile 1/3 octave spectrogram obtained for the 
design expansion chamber. This muffler reduced the overall SPL by 
4 dB to 112 dB (109.5 dBA) and produced a back pressure of 0.0 psi. 
The attenuation was in ti'JO broad bands, one from 150 liz to 700 liz and 
the other from 900 Hz to 5000 Hz. 
* See Appendix C for information concerning the calculation of the 
speed of sound. 
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Figure 18 
One-third Octave Spectrogram for Expansion Chamber t1uffler 
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The procedures given by references 12 and 13 are for the design 
of mufflers and tail pipes under non-flow conditions. Tuning of the 
muffler and tail pipe was performed to experimentally determine the 
optimum lengths under flow conditions. 
Tuning of the muffler (Appendix D) resulted in the selection of 
an optimum chamber length of 8 1/2 inches. Tuning of the tail pipe 
(Appendix E) resulted in the selection of 3 inches as the opti~um tail 
pipe length. The results of performance testing of the expansion 
chamber with the optimum dimensions as determined above is also shown 
in Figure 18. Although the overall SPL of 112 dB (109.5 di3A) Has 
exactly the same as that of the design expansion chamber, this muffler 
provided additional attenuation at many of the loH and medium fre-
quencies thereby making its performance superior to the design muffler. 
In order to reduce the sound pressure level to an acceptable 
level, it appeared necessary to use some type of sound energy absorb-
ing material (Appendix F) within the muffler. In order that the 
material not be placed directly in the air stream, (thereby causing 
excessive back pressure and producing a possible icing problem), 3/8 
inch mesh hardware cloth was used to form an air passage from the 
inlet to the outlet of the muffler as sho\'m in Figure 19. The air 
passage was 1 1/8 inches in diameter and \Jent straight through the 
center of the muffler. Steel wool filled the volume between the air 
passage and the outer shell of the muffler. 
Figure 19 




Figure 20 shows the 1/3 octave spectrogram obtained for the 
muffler just described. The overall SPL was reduced to 101 dB (95 
dBA) and the back pressure was reduced to 0.6 psi. This muffler was 
considered fairly effective and v1as chosen for further modi fi cation 
and testing. 
C. Resonator Muffler 
A resonator muffler was designed using the procedure given on 
pages 29 and 30 of reference 12. The design objective was to obtain 
at least 12 dB of attenuation in the range of frequencies from 150 Hz 
to 400 Hz. The minimum value of the attenuation parameter giving 
this attenuation is: 
Ill_ 
5 25-
where: co = conductivity 
v = resonator volume 
s = cross section a 1 area of exhaust pipe 
The value of the resonant frequency of the muffler, fr' was calculated 
to be 250 flz and the calculated value of /l:JV\Jas 0.1265/inch. ~Jith 0 
these re 1 ati onshi ps, the va 1 ues of C0 and V \Jere found to be 0. 657 
inch and 41.1 in 3 respectively. The required length of the resonator 
was calculated to be 8.50 inches. 
An approximate formula, given on page 21-25 of reference 13, 
for calculating the conductivity of a group of openings is: 
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Figure 20 
One-third Octave Spectrogram for Expansion Chamber t1uffler v1ith 
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Co = ~-_.;:,.c --
£ + .8 c 
c 
n = number of orifices 
Sc = individual area of orifice 
£ = length of orifice 
Choosing a size for the connecting holes and the use of this 
formula allowed the number of connecting holes to be calculated. 
Calculations revealed that either five 1/4 inch diameter connecting 
holes or sixteen 0.110 inch diameter connecting holes would satisfy 
the requirement for C0 • 
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Performance testing of the resonator muffler with five 1/4 inch 
diameter connecting holes revealed that the overall SPL was increased 
approximately 1 dB above that of the unmuffled exhaust to 117.5 d8 
(116.5 dB/\) and that no measureable amount of back pressure Has pro-
duced. The 1/3 octave spectrogram shown in Figure 21 reveals t\JO 
bands of slight attenuation. One of these bands runs from 80 llz to 
800 Hz and the other from 2000 Hz to 5000 Hz. i3etHeen 1100 Hz and 
2000 Hz the SPL \vas increased, being 7 dB higher than the unmuffled 
exhaust at 1500 Hz. 
Theoretically, if C0 remains constant, varying the size and 
number of the connecting holes will not change the resonator perfor-
mance. A second resonator was tested with the same parameters as the 
first, however in this resonator sixteen 0.110 inch diameter connect-
ing holes were used. Performance testing revealed that the spectrum 
58 
Figure 21 























//"....... __ ~..;:~ 
, Unmuffled exhaust 
-----------, Resonator muffler 
-------, Resonator muffler with steel wool liner 
I I I I I I I I I I I I I I I I I 70 I I I I I I I I I I I --- • --- ---- ---- 10 000 
-- ·-- --- , 





from this resonator was exactly the same as that of the first resona-
tor tested. 
The addition of steel wool to the enclosed volume of the resona-
tor produced no change in the overall SPL and only a slight change in 
the 1/3 octave spectrogram which is also shown in Figure 21. As with 
the two other resonators tested, there was no measurable back pressure 
produced by this muffler. 
Increasing the value of the conductivity (increasing the number 
or the size of the connecting holes) should improve the attenuation 
characteristics of the resonator. Additional 1/4 inch diameter holes 
were drilled in the exhaust tube of the resonator and these configu-
rations were tested. The results of these tests are shown in Table 
IV and in the accompanying 1/3 octave spectrogram (Figure 22). 
Table IV 
Effect of Varying the Conductivity on r~esonator rerformance 
co Over a 11 SPL "A" IJei ghted SPL 
(inches) (dB) ( d 131\) 
.657 (5-1/ 4 inch holes) 117.5 116.5 
2.790 (19-l/4 inch holes) 114.5 111 
4.850 ( 33-1/4 inch holes) 113.5 109 
Increasing the value of C0 caused an increase in both the width 
of each of the bands of attenuation and the amount of attenuation in 
each of the bands. This increase in the number of connecting holes 
also caused an increase in the back pressure to 0.2 psi for C0 =4.850. 
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Figure 22 
One-third Octave Spectrograms for Resonator r1ufflers with 
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Steel ~vool was added to the enclosed volume of tlte resonator 
with C =4.850 to (hopefully) reduce tile overall SPL to an acceptable 
0 
level. The addition of steel wool changed the spectrum, shown in 
Figure 23, to one \vi de band of attenuation from 200 Hz to 5000 Hz 
with a maximum attenuation of 18 dB at 1600 Hz. Since there was no 
additional attenuation above 5000 Hz or belm1 150 Hz, the overa11 SPL 
was only reduced by 1 dB to 112.5 dB (107 dB/\). The back pressure 
\vas unchanged. 
Increasing the volume of the resonator should also improve the 
attenuation characteristics of the muffler. Using the resonator with 
C0=4.850, the length of the chamber was increased from 8 1/2 inches 
to 10 inches. Steel wool was again used to fill the enclosed volume 
for sound energy absorption. Performance testing yielded the spectro-
gram shown in Figure 24 for this configuration. Due to the increased 
length of the chamber, the overall level was reduced slightly to 
112 dB (106 dBA) with no increase in back pressure. 
Due to the failure of the resonator mufflers to satisfactorily 
reduce the overall level of the exhaust noise, they were not considered 
worthy of further modification and testing. 
D. Modified Expansion Chambers 
1. Exit Shape Modification 
Chester, De\~oody, and Hiller (7) had investigated the effect of 
varying the number of exit openings for expansion chambers while 
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Figure 23 
One-third Octave Spectrogram for Resonator Muffler 8 1/2 Inches 
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One-third Octave Spectrogram for Resonator Muffler 10 Inches 
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maintaining a constant exit area and had concluded that beneficial 
effects could be realized, at the lower frequencies, ~"hen that number 
was increased. Using the 8 l/2 inch expansion chamber previously 
tested, the number of exit openings was increased while maintaining 
the same exit area as provided with the PVC tail pipe. Four configu-
rations were tested as 1 is ted in Table V. Figure 25 sho~I/S one of the 
configurations tested, with eight 5/16 inch diameter exit openings. 
Table V 
Effect of Varying the Number of Exit Openings 
on Expansion Chamber Performance 
Number and Size 
of Openings Overa 11 SPL Back Pressure 
(dH) (dBA) (lb/in 2 ) 
4-1/2 inch dia 113 112 1.0 
8-5/16 inch dia 112-113 112 1.3 
17-.221 inch dia 112 111-112 1.2 
45-.136 inch dia 111 111 1.0 
When compared to the SPL obtained with the tuned expansion 
chamber muffler, increasing the number of exit openings had 1 ittle 
beneficial effect. ~Jhat little added attenuation resulted ~Jas more 
than offset by the added possibility of icing due to exhaust air 
striking the end plate. This seemed to nullify the slight decrease 
in the overall SPL below that of the unmuffled exhaust and made the 
use of multiple openings impractical. 
Figure 25 
Expansion Chamber Muf fl er with Exit End Plate with Eight 5/ 16 Inch 
Diameter Openi ngs 
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2. Air Passage Modification 
When steel \Wol \vas added to the inside of the exransion char.1ber 
investigated earlier, the air passage 1·1as formed from lwrdHare cloth. 
Due to its lack of rigidity, it was decided to fabricate this air 
passage from the small diameter PVC tubing and to drill numerous 
conne~ting holes between the air passage and the enclosed volume. 
Initially, 120-1/4 inch diameter connecting holes ~Jere utilized, 
as shown in Figure 26, which gave 16.8% open area for the tube. This 
muffler reduced the overall level to 111.5 dB (106 d8A) and developed 
a back pressure of 0.2 psi. Figure 27 shows the 1/3 octave spectro-
gram obtained with the addition of steel wool to the enclosed volume 
which reduced the overa 1l SPL to 105 dB ( 98 dBA) vJi til a Llack pressure 
of 0.3 psi. This was not as satisfactory as the results olltained vJhen 
the air passage \'Jas formed from the hardv1are cloth. 
The size of the connecting holes Has increased to 3/8 inch dia-
meter, as shown in Figure 28, which gave 37.5% open area for the tube. 
With the 3/8 inch diameter connecting holes, the overall level was 
reduced to 112 dB (107 dBA) and the back pressure was increased to 
0.7 psi VJhich ~vas not quite as favorable as the results ol.Jtained using 
1/4 inch diameter connecting holes. Addition of steel 1mol to the 
enclosed volume reduced the overall level to 102 dB (95.5 dBA) and 
the back pressure to 0.6 psi. The spectrogram for this configuration, 
also shown in Figure 27, compares quite favorably with the earlier 
results obtained using a hardware cloth liner. 
Figure 26 
Expansion Chamber t·1uff1er \vith Air Passage Tube Having 120-1/4 Inch 
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Fi gure 28 
Expansion Chamber Muffler wi t h Ai r Passage Tube Havi ng 120-3/8 Inch 
Diameter Connecting Holes 
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The muffler constructed using an air passage fabricated from PVC 
tubing with 3/8 inch diameter connecting holes did not provide quite 
as great of an insertion loss as the muffler which used an air 
passage tube formed from hardware cloth. This muffler did provide a 
rigid air passage and protection to the steel wool liner from the 
turbulence of the exhaust air vJith no increase in back pressure. The 
advantages of the rigid air passage over the flexible hardware cloth 
seemed to outweigh its disadvantages. PVC tubing with 3/8 inch 
diameter connectihg holes was selected for use as an air passage tube 
in future mufflers. 
3. Extension of r1uffler Toward Backhead 
While various tests were being made in order to determine a good 
sound measurement technique, it was noted that air vented from the 
valve case of the test drill produced a sound pressure level of 
approximately 102 dB at the frontal measuring position. In order that 
this air could be vented into the exhaust muffler, an extension of 
4 1/2 inches toward the backhead was added to the 8 1/2 inch expansion 
chamber. The exhaust air then entered at a position near the center 
of the muffler body and escaped through the tail pipe toward the 
fronthead as before. The air coming from the valve case entered the 
muffler extension and escaped at the same point as the exhaust air. 
Initially a muffler was constructed in which the exhaust air 
entered at a right angle to the muffler body. Three configurations 
of this design were tested, each consisting of an air passage of 
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differing construction. In each of the three designs, tile volume 
between the air passage and the outer shell of the muffler was filled 
with steel \1/ool. 
Curve B of Figure 29 shows the spectrum obtained when the air 
passage was fabricated from 3/8 inch mesh hardware cloth. This con-
figuration \vas the most effective of the three in reducing the exhaust 
noise. The overall level \~as reduced to 93 dl:3 (85 dB/\) \Jith a back 
pressure of 1.2 psi. Although this configuration was very effective 
in reducing the exhaust noise, the hardware cloth air passage offered 
insufficient protection to the steel wool liner. The air flow was 
able to tear small pieces of the steel wool loose and discharge them 
through the tail pipe. 
An air passage was formed from the small sized PVC tubing as 
shown in Figure 30. This air passage utilized 176-1/4 inch diameter 
connecting holes with the same hole spacing as previously used. 
Curve C of Figure 29 shmvs the noise spectrum obtai ned for this con-
figuration in which the overall SPL v1as reduced to 99 dl3 (92 dbA) and 
the back pressure to 0.8 psi. 
In order to improve the attenuation characteristics of the 
muffler, the size of the connecting holes was increased to 3/8 inch 
diameter. The results were quite favorable and are shown in Curve U 
of Figure 29. \~ith this configuration, the overall level \Jas reduced 
to 96.5 dB (89 dBA) with a back pressure of 1.0 psi. 
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Figure 29 
One-third Octave Spectrogram for Expansion Chamber Muffler with 
Extension Toward Hackhead and Steel Wool Liner, Air Passage Tube 
Formed from Differing Materials 
A, Unmuffled exhaust 
B, Hardware clotl1 air passage tube 
C, PVC tube with l/4 inch diameter holes 
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Expansion Chamber Muffler with an Extension Toward 
the Backhead, Air Passage Formed from PVC Tubing 
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Due to the advantage of a rigid air passage, and its acceptable 
attenuation characteristics, the muffler constructed vJith a PVC air 
passage tube having 176-3/8 inch diameter connecting holes was 
selected as the better of the three designs tested. 
In order to more accurately model the muffler as it would be used 
on a rock drill, the air entrance \vas modified such that it v~as 
inclined at approximately 45° to the air passage tube. As determined 
above, 3/8 inch diameter connecting holes were utilized in the air 
passage. The volume between the air passage and the outer shell of 
the muffler was filled with steel wool as in the earlier tests. 
The spectrum obtained for this configuration, shown in Curve C 
of Figure 31, \vas not as good as that obtai ned when the air entered 
at a right angle to the air passage. Although both were essentially 
the same above 2000 Hz, the right angle entrance provided an average 
of 3 to 4 dl3 greater attenuation bel0\'1 1000 Hz. The overall level of 
97 dB (90 dBA) was about the same as that obtained earlier, but the 
back pressure was reduced to 0.8 psi. 
4. Cross Sectional Shape of t1uffl er Body 
For ease of fabrication, initial prototype muffler bodies were 
of circular cross section. As mentioned in the discussion of the 
parameters used to evaluate prototype rnuffl ers (page 14), the cross 
sectional shape of the muffler need not be circular but could be as 
wide as five inches and extend outward from the body of the drill by 
as much as four inches. 
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Figure 31 
One-third Octave Spectrogram for Expansion Chamber Muffler witl1 
Extension Toward the Backhead and Steel Wool Liner, Air Inlet 
Inclined at 45° to Air Passage Tube 
A, Unmuffled exhaust 
B, Air inlet perpendicular to air passage tube 
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In order to determine if this change in cross sectional area 
would be beneficial, an 8 1/2 inch expansion chamber muffler with an 
elliptical cross sectional shape was constructed as shown in Figure 
32. The major diameter of the ellipse was 5 inches and the minor 
diameter 2 3/4 inches, v-1hich Has approximately the inside diameter of 
the circular muffler. As with previous mufflers, a 3 inch tail pipe 
length was utilized. Performance testing agrees fairly v1ell vlith the 
results obtained using a circular cross sectional shape (Figure 33). 
The avera 11 SPL was reduced to 111 dB ( 106. 5 dBA) and the back 
pressure produced was 0.7 psi. 
Steel wool was added to the inside of the elliptical muffler. A 
centrally located air passage formed from the small diameter PVC 
tubing with 3/8 inch diameter connecting holes was utilized. The 
overall level was reduced to 102 dB (98 dGA) and the Lack pressure to 
0.4 psi. ~..Jhen a circular cross sectional muffler, Hith the same type 
air passage and steel wool liner, \'1/as tested, the overall level was 
also reduced to 102 dB; however the "A" weighted SPL v1as 95.5 dBA. A 
comparison of the t\'1/0 spectrograms (Figure 34) shows the same general 
trend in attenuation Hith the exception of those frequencies above 
5000Hz \1/here the elliptical muffler is better and bet\'1/een 400 Hz and 
5000Hz where the cylindrical muffler is better. The increased SPL 
between 400 and 5000 Hz accounts for the lligher "A" vJeighted SPL of 
the elliptical muffler. 
The number of connecting holes was increased to hopefully reduce 
this troublesome band of noise. Performance testing of this gave the 
same overall and 11 A11 Heighted SPL's as the initial elliptical muffler. 
Figure 32 
Elliptical Expansion Chamber Muffler 
85 
Figure 33 
One-third Octave Spectrogram for Elliptical Shaped Expansion 
Chamber Muffler 
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One-third Octave Spectrograms for Elliptical and Cylindrical 
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A third elliptical muffler 8 1/2 inches long was tested but the 
air passage for this muffler was formed from 3/8 inch mesh hard1vare 
c1oth. This configuration reduced tile overall SPL to 97 dl3 (Yl dB/\) 
\vi th a back pressure of 0.4 psi. The spectrogram for tlli s configura-
tion (Figure 35) shows considerable attenuation at all frequencies 
above 250 Hz. 
Although the elliptical muffler vJith the PVC air passage 1vas not 
as effective as hoped, the elliptical muffler which utilized the 
hardware cloth air passage indicated the potential of the additional 
muffler volume for increased attenuation. 
Combining the use of the elliptical cross section 1vith the 
advantage of the extension toward the backhead resulted in tile 
muffler configuration shovm in Figure 36. The cross sectional shape 
of this muffler was elliptical I·Jith a major diameter of 5 inches and 
a minor diameter of 3 inches. The air passage was formed from the 
small diameter PVC tubing 1vith 3/8 inch diameter connecting holes. 
The air inlet was inclined at 45° to the air passage and the volume 
between the air passage and the outer shell of the muffler was filled 
with steel wool. 
Performance testing of this muffler vJas quite exceptional. The 
overall level was reduced to 92 dB (86 dBA) with a l.Jack pressure of 
0.5 psi. The spectrogram for this muffler is shown in Figure 37. 
This muffler provides the greatest attenuation of any muffler 
fabricated, with only a minimum increase in back pressure. It is 
90 
Figure 35 
One-third Octave Spectrogram for Elliptical Shaped Expansion 
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Elliptical Shaped Expansion Chamber Muffler 




One-third Octave Spectrogram for Elliptical Expansion Chamber 
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small enough to fit onto the drill easily and has only one protrusion, 
the tail pipe, \vhich could result in operator objection through inter-
ference with the process of changing drill steels. The length of the 
tail pipe \vas reduced to one inch, as shmvn in Figure 38, such that 
this would not be a problem. 
This muffler did not have quite as good of an insertion loss as 
the previous muffler, with a three inch tail pipe, but still reduced 
the exhaust noise to an acceptable level. The overall SPL was now 
94 dB (88 dBA) but the back pressure was unchanged (0.5 psi). Tile 
l/3 octave spectrogram for this muffler is also shown in Figure 37. 
If the greater insertion loss of the earlier muffler, with a 3 
inch tail pipe, is considered essential, the tail pipe could be 
fabricated from a section of flexible tubing. This could Le pulled 
out of the ~vay when changing drill steels and \'IOuld have tile same 
attenuation characteristics as the rigid tail pipe. 
Figure 38 
Elliptical Expansion Chamber Muffler with Extension 
Toward Backhead, One Inch Tail Pipe 
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IX. SOUND r-1EASUREf1 EIHS OF PROTOTYPE ~1UFFLERS AT OPERATOR • S EAR 
POSITIOti 
Although the sound measurements taken thus far are very llel pful 
in determining the amount of attenuation that can be expected for a 
particular muffler, it is difficult to predict from them \vhat sound 
pressure levels can be expected at the operator•s ear position. It 
was desired to obtain these measurements \vi thout the effect of body 
radiated noise and air leaks from the test drill. This being the 
case, the drill was again allowed to recriprocate freely inside the 
enclosure designed for it. A section of 3/4 inch pipe one meter long 
was used to extend the exhaust exit from the side of the enclosure. 
Mufflers were then attached to the end of the pipe with the exhaust 
flow directed toward the floor as shown in Figure 39. 
This arrangement very nearly approximated the position of the 
exhaust outlet of the muffler during vertical drilling. The concrete 
floor was a reflecting surface and approximated the top of a granite 
block or mine surface as would be encountered during an actual 
drilling operation. The length of the pipe allm1ed the muffler to be 
placed far enough from the enclosure such that sound reflected from 
it would not be a problem. 
This 1 ength of pipe did cause a variation (on the order of ± 2 
dB) at many of the frequencies in the noise spectrum. In order that 
sound measurements taken at the operator•s ear position could be 
readily compared with those previously taken, corrections were applied 
to the noise spectrum to account for this attenuation. 
Figure 39 
Exhaust Exit Modification for Sound Measurements 
at Operator's Ear Position 
98 
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Sound measurements at the operator•s ear position were made for 
those mufflers which showed the greatest potential for' reducing the 






expansion chamber muffler, 8 1/2 inches long. 
expansion chamber muffler with extension toward the backhead, 
air inlet inclined at 45° to the air passage tube. 
elliptical shaped expansion chamber muffler, 8 1/2 inches 
long. 
elliptical shaped expansion chamber muffler with extension 
toward the backhead, air inlet inclined at 45° to the air 
passage tube. 
Each of these mufflers utilized a steel wool liner and an air passage 
tube formed from PVC tubing vJith 3/8 inch diameter connecting holes. 
Muffler #4 had a tail pipe one inch long, the others had a tail pipe 
3 inches 1 ong. 
The overall level of the unmuffled exhaust at the operator•s ear 
position was 115.5 dB (113 dBA) as compared to a level of 116 d8 
(114.5 dBA) VJhen measured at the frontal position. The SPL•s of the 
muffled exhaust, when measured at the operator•s ear position, were 
on the average 1 to 2 dB lower on both the overall and 11 A11 VJeighted 
networks than those obtained at the frontal position. Muffler #1 
above (Figure 40) reduced the overall level to 99.5 dB (94.5 dBA) at 
the operator•s ear position as compared to an overall leVel of 102 dB 
(95.5 dBA) when measured at the frontal position. The level was 
100 
Figure 40 
One-third Octave Spectrogram for Expansion Chamber Muffler with 
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reduced from 97 dB (90 dBA) at the frontal position to 96.5 dU (88 
dBA) at the operator's ear position \·lith muffler #2 (Figure 41) and 
from 102 dB (98.5 dBA) to 100 dD (95.5 dBA) with muffler #3 (Figure 
42). ~tuffler #4 (Figure 43) \>Jas the most effective of those tested 
and reduced the level at the operator's ear to 93 dB (87 dBA) as 
compared to a level of 94 dB (88 dBA) when previously measured at the 
frontal position. 
Each of the above listed figures also shows the noise spectrum 
for the unmuffled exhaust when measured at the operator's ear position 




One-third Octave Spectrogram for Expansion Chamber Muffler witl1 

























/\ 1'\ /'-___ // ', / \/ \/ \· 
/ A V \ \ 
______ , Unmuffled exhaust 
-----, Operator's ear position 
______ , Frontal position 
60 I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
50 100 200 500 2000 








One-third Octave Spectrogram for Elliptical Sl1aped Expansion 
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One-third Octave Spectrogram for Elliptical Shaped Expansion 
Chamber Muffler with Extension Toward Backhead and Steel Wool 
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X. ATTENUATION CHARACTEIUSTICS OF PROTOTYPE 11UFFLERS UfJOER fJOfJ-FLO\J 
CONDITIONS 
In order to determine what effect tl1e pulsating exhaust air 
flowing through a muffler had on its attenuation characteristics, an 
experiment \'las conducted in which these attenuation characteristics 
could be studied without airflow. * 11 Pi nk noi se 11 \vas broadcast tl1rough 
an acoustic driver into the air inlet of four of the prototype 
mufflers developed. One-third octave spectrum analyses v1ere then 
performed on the noise produced at tile tail pipe of the muffler. 
A comparison of the spectrogram for the muffled noise with that 
for the unmuffled pink noise broadcast from the driver yielded the 
attenuation provided by a particular muffler. The microphone position 
was identical for each measurement, relative to the exhaust outlet 
of the driver or the muffler. 
The mufflers studied under non-flow conditions were the same 
mufflers which were used earlier to obtain sound measurements at the 
operator•s ear position. The attenuation curves for each of these 
mufflers are shown in the accompanying figures. Each figure also 
shows the attenuation characteristics of the muffler with air flow. 
Those mufflers studied under non-flow conditions were: 
1) expansion chamber muffler with a circular cross section, 
( F i g u re 44 ) ; 
* 11 Pink noise 11 is defined as noise \vhose spectrum level decreases 
with increasing frequency to yield constant energy per octave of 
bandv.Ji dth. 
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2) expansion chamber muffler v;ith a circular cross section and 
an extension toward tl1e backhead, (Figure 45); 
3) expansion chamber muffler \•Jith an elliptical cross section, 
( F i g u re 4 6) ; 
4) expansion chamber muffler with an elliptical cross section 
and an extension toward the backhead, tail pipe one inch long, 
(Figure 47). 
Each of the mufflers studied utilized an air passage formed from 
PVC tubing with 3/8 inch diameter connecting holes, a steel wool 
liner, and a tail pipe 3 inches long (except as noted). The mufflers 
with an extension toward the backhead had an air inlet inclined at 45° 
to the air passage tube. 
It can be seen from the attenuation curves that only slight 
attenuation was provided by the mufflers at l ov; frequencies. r,t those 
frequencies above 1000 Hz, attenuation in excess of 20 dl3 \>Jas not 
uncommon. The effect of fl O\tJ was generally the same for each of the 
mufflers, and tended to increase attenuation at the lower frequencies 
and to decrease attenuation at the higher frequencies. This vmul d 
tend to cause an increase in both the avera ll and the 11 A11 1·1ei ghted 
SPL's although the increase in the 11 N' Vleighted SPL (dl3A) vmuld in 
most cases be greater than the increase in the overall level (dt3). 
For each of the mufflers studied, the trend in attenuation, v1ith and 
without flow, was generally the same. 
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Figure 44 
Attenuation Characteristics of Expansion Chamber Muffler with 
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XI. ICHJG CHARACTERISTICS OF PROTOTYPE i1UFFLERS 
flo matter how effective a muffler developed for a pneumatic rock 
drill is in attenuating the exhaust noise, it must be able to operate 
on the dri 11 VJithout icing to such an extent that the addition a 1 back 
pressure produced, due to ice formation, either stops the drill 
completely or markedly decreases the penetration rate. The icing 
characteristics of two mufflers, which \<Jere considered to be repre-
sentative of those developed during this research, were studied. 
Both of the mufflers utilized an air passage formed from PVC 
tubing \'lith 3/8 inch diameter connecting holes and a steel 1vool liner. 
The first of these v1as an expansion chamber muffler, 8 1/2 inches 
long, with a circular cross section. The second muffler was the 
elliptical expansion chamber vJhich had an extension tm<Jard the back-
head. The air inlet for this muffler was inclined at 45° to the air 
passage tube. 
The drill I<Jas allowed to freely recriprocate inside the enclosure 
designed for it. Water 1<1as then injected into the exhaust air stream 
as close to the muffler inlet as possible with the use of a hypodermic 
needle and syringe. It v1as injected at a fast enough rate that the 
needle did not freeze but sl OI<J enough that most of the 1vater froze to 
the inside of the air passage tube rather than being blovm out the 
tai1 pipe. 
vJhen a sufficient amount of icing occured VJithin the muffler, 
such that a considerable increase in the back pressure resulted, 
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sound measurements were taken. These gave an i ndi cation as to 11hat 
extent icing would effect the muffler attenuation characteristics. 
A visual inspection of the ice formation was made to determine vhere 
most of the ice build-up occurred and so that r:~ethods for minimizing 
this phenomenon could be devised. 
During an actual mining operation, v;ater vapor in the supply 
air, rather than water droplets, is the primary cause of icing. Even 
though water droplets were utilized to induce icing for these tests, 
it was felt that ice formation would occur in the same locations as 
if water vapor were present and only the rate of icing would be 
effected. 
From a visual inspection following icing, ice build-up occurred 
in the same manner for both mufflers. Rather than filling the con-
necting holes, as may be expected, the ice formed on the wall of the 
air passage tube causing a gradual constriction of the flmJ area. 
This constriction of the flow area caused a corresponding increase in 
the muffler back pressure and an increase in the flow velocity. In 
the second muffler studied, 11ith the air inlet inclined at 45° to the 
air passage tube, considerable ice build-up also occurred 1vhere the 
exhaust air impinged on the wall of the air passage tube directly 
opposite the air inlet. 
One-third octave spectrum analyses were performed on the sound 
measurements taken after icing. These are shown in Figures 48 and 49 
a 1 ong 1vi th the spectrograms for the mufflers vJithout ice bui 1 d-up. 
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Figure 48 
One-third Octave Spectrogram for Expansion Chamber Muffler, with 
Icing 
A, Unmuffled exhaust 
B, Muffled, no icing; 102 dB, 95.5 dBA 
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One-third Octave Spectrogram for Elliptical Expansion Chamber 
nuffler vJith an Extension tmvard the Backhead, with Icing 
A, Unmuffled exhaust 
B, Muffled, no icing; 94 dB, 88 dBA 
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The spectrograms show that, as icing occurs, the increased air 
turbulence at the muffler exit results in increased acoustical energy 
at the higher frequencies. The increased back pressure and decreased 
flow area also causes a smoothing out of the low frequency exhaust 
pulses and a corresponding decrease in the acoustical energy at the 
lower frequencies. 
For both of these mufflers, the overall sound pressure level 
remained at the same level \vith icing as before icing. The 11 A11 
weighted SPL was higher with icing than in the same muffler without 
icing by approximately 2 dBA. 
r~ost pneumatic rock drills utilized in the mining industry 
today use water rather than air to remove dust and rock chips from 
the hole. The mufflers developed during this researci1 can be effec-
tively utilized on these drills if the air passage tube is fal>ricated 
from two concentric cylinders of heat conducting materials. Connec-
tion from the inside of the air passage tuLle to the enclosed volume 
of the muffler, which houses the steel vmol liner, could be achieved 
by tubes welded or soldered to Loth the inner and outer cylinders of 
the air passage tube. This would allow transmission of the acoustic 
waves from the exhaust air into the sound energy absorbing liner. 
The water to flush the hole could then enter the base of the air 
passage tube, near the tail pipe, and be redirected from the top of 
the tube to the VJa ter in 1 et in the l.Jackhead of tile dri 11 • As the 
water passes through the air passage tube, it will act as a counter-
flovJ heat exhanger maintaining the temperature of the tube wall above 
freezing. 
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If the temperature of the exhaust air maintains an average 
temperature of -15° F inside the muffler and tail pipe, 0.1 gal/min 
of water vmuld be required to maintain the temperature of the air 
passage tube above freezing. This flow rate is not considered 
unrealistic and is available in most mining facilities. 
If the supply air utilized in a mining operation is drawn from 
an ambient air with a relative humidity of 100%, over 40 cc of \vater 
will pass through the drill every minute. The amount of water injected 
into the prototype mufflers during these tests \'/oul d simulate approx-
imately 2 minutes of drilling and gave a relatively reliable indica-
tion of the actual icing problem that will be encountered in the mine. 
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X I I. SUt1r~ARY AND CONCLUSIONS 
The purpose of this research program v1as to develop a practical 
exhaust muffler for a pneumatic rock drill. This muffler was required 
to provide a substantial reduction in the exhaust sound pressure level 
with a minimum decrease in the drill efficiency. It must be small 
enough to be incorporated into the case of a rock drill or used as an 
add-on feature with little or no operator interference. 
Studies of the exhaust noise and attenuation characteristics of 
various prototype mufflers were performed vvi thout the effects of body-
radiated noise and air leaks from the test drill. Also considered was 
the effect of exhaust back pressure on drill performance. 
The results of performance testing of six mufflers, considered 
representative of those investigated, are shovm in Table VI. Tl1ose 
mufflers listed in this table are: 
1) Simple expansion chamber muffler, 8 1/2 inches long. 
2) Single chamber resonator muffler, 8 1/2 inches long, C0 =0.657 
inches. 
3) Expansion chamber muffler, 8 1/2 inches long, steel wool liner. 
4) Expansion chamber muffler with an extension toward the back-
head, steel wool liner. 
5) Elliptical expansion chamber muffler, 8 1/2 inches long, steel 
vwol 1 iner. 
6) Elliptical expansion chamber muffler with an extension toward 
the backhead, steel wool liner. 
128 
Each of those mufflers ~vith a steel \\fool liner also utilized an 
air passage fabricated from PVC tubing with 3/8 inch diameter 
connecting holes. The hole spacing was such that each tube had approx-
imately a 40% open area. All of the expansion chamber mufflers had a 
3 inch tai1 pipe except muffler #6, v1hich had a tail pipe 1 inch long. 
Table VI 
Performance Tests of Six Prototype i.,1uffl ers 
~1uffl er 
Configuration Overall Sound Pressure Level 
Frontal Position Operator's tar Position 
(dB) (dBA) (dB) (dllA) 
1 112 109.5 
2 117.5 116.5 
3 102 95.5 99.5 94.5 
4 97 90 96.5 88 
5 102 98.5 100 95.5 
6 94 88 93 87 
From the results obtained, the prototype muffler shown in Figures 
38 and 50 was developed. This muffler is shown attached to the test 
drill in Figures 51 and 52. Also from the results obtained, the 
following conclusions were drawn. 
1. Slight amounts of exhaust back pressure developed by a 
muffler are not detrimental to the drill performance and may, in some 
cases, cause an increased penetration rate. 
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2. In order that a muffler be small enough to be incorporated 
into a pneumatic rock drill and still reduce the exhaust noise to an 
acceptable level, it must combine reactive and dissipative elements. 
3. Care should be taken in muffler development so as not to 
introduce materials or elements into the exhaust stream \Jhich Hill 
cause excessive back pressure and possible icing problems. 
The prototype muffler developed during this research had an 
insertion loss of 22 dB and reduced the exhaust noise, at the 
operator's ear position, from 115 dBA to 87 df3A. Tile back pressure 
developed by this muffler is 0.5 psi, \vhich causes approximately a 
4% increase in the drilling efficiency for the test drill. 
The prototype muffler combined a reactive element (an expansion 
chamber) with a dissipative element composed of a steel \'fool liner. 
The muffler can be utilized without modification in mining operations 
~'/here the s.upply air is free of moisture. If the moisture can not be 
removed from the supply air, the air passage c;an be modified, as 
suggested in Chapter XI, to prevent the accumulation of ice Hithin 
the muffler. 
Research presently being conducted by the Rolla r1etallurgy 
Research Center, an office of the United States Bureau of f1ines, is 
making progress in reducing the noise produced by drill steel vibra-
tions and the internal mechanisms of the drill to produce a quiet 
pneumatic rock drill. The large reduction in the exhaust sound 
pressure level is necessary in order that the overall noise level 
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produced by the quiet pneumatic rock dri 11 v1i1l meet those standards 
estab1ished by the vJa1sh-Hea1ey Act (11). 
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Exhaust Noise Produced by Three Medium Sized Pneumatic Rock Urills 
In order to determine if mufflers developed during this research 
project could be effectively used on drills other than the Chicago 
Pneumatic CP-59 test drill, it \vas desirable to knmv if the exhaust 
noises produced by most medi urn sized pneumatic rock dri 11 s \·Jere 
similar or if each manufacturers drill would require a distinct 
muffler design. The exhaust noise produced by the test drill and 
that produced by an Atlas Copco BBC 16 Drill and a Gardner Denver S 58 
Drill were compared. 
Each of the three drills was suspended from a rope and allowed to 
recriprocate freely while sound measurements were taken. For each 
test, the drill was suspended sucl1 that its geometric center was one 
meter above the floor. The same microphone position (one meter from 
the front of the drill and at the same height as the geometric center 
of the dri 11) v>~as used for each test. 
The overall SPL obtained for the Chicago Pneumatic CP-59 Drill 
was 117 dB (114 dBA), the Atlas Copco ~BC 16 produced an overall SPL 
of 116 dB (113 dBA), and the Gardner Denver S 58 produced an overall 
level of 118 dB (117 dBA). The 1/3 octave spectrum analyses for the 
noise produced by each of these drills are shown in Figure A-1. 
Although none of the spectrograms are exactly the same, each has 
the same general shape. The curves are similar enough to indicate 
that a muffler designed using the exhaust noise produced by the CP-59 
test drill should produce approximately the same attenuation when 




One-third Octave Spectrograms for fJoi se Produced by Three f1edi urn 
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List of Equipment 
Genera 1 Radio Company Type 1560-PS t·1i crophone, Seri a 1 r~umber 4484 
General Radio Company Type 1564 Sound and Vibration Analyzer, Serial 
f~umber 2397 
General Radio Company Type 1521-B Graphic Level Recorder, Serial 
!~umber 3332 
General Radio Company Type 1564-A Sound Level Calibrator, Serial 
fJumber 2606 
Genera 1 Radio Company Type 1382 Random r~oi se Genera tor, Seri a 1 fiumber 
00689 
B & K Type 2205 Sound Level ~1eter; f1i crophone- Type 4117, Serial 
r~umber 324005; f,1eter- Type 2205, Seri a 1 r~umber 339542 
8 & K Type 4230 Sound Level Calibrator, Serial f~uml>er 343399 
Sony Stero Tapecorder, Model TC 772, Serial Humber 10075 
Test Gauge, Ouragauge, AISI 316 Tube, St. St. Movement, Serial Number 
7ACD-343483-25, IC-1969-6 
University Acoustic Uriver, t·1odel ~,'IA-25, Serial Number 34929 
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APPENDIX C 
Measurement of Exhaust Air Temperature 
Temperature measurements made with the aid of a chromel-alumel 
thermocouple located just inside the exhaust port of the test drill 
during a drilling operation revealed that the exhaust air temperature 
ranged from -10 oF to -30 °F. Calculations in the design of mufflers 
and tail pipes, which involved the speed of sound, were made assuming 
that the average temperature of tile exhaust air inside tile muffler 
and tail pipe would be -15 °F. With this assumption, the calculated 
value of the speed of sound is 1035 ft/sec. 
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APPENDIX D 
Tuning the Length of the Expansion Chamber Muffler 
In tuning of the expansion chamber, both the overall SPL and the 
1/3 octave spectrograms for each configuration ~,rere used to determine 
the optimum length for attenuation of overall sound levels. The tail 
pipe used for each of the tests was the design tail pipe with a 1 ength 
of 2.85 inches. Table D-1 shows the overall SPL's for each configu-
ration tested. The 1/3 octave spectrograms are shown in Figure D-1. 
Table D-1 
Results of Tuning Length of Expansion Chamber t1uffler 
Muffler Length Overall SPL "A" Weighted SPL 
(in) (dB) (dBA) 
7.50 112.5 110.0 
8.00 112.0 109.5 
8.50 112.0 109.5 
9.00 112.5 110.0 
Based upon the avera 11 and 11 /\ 11 weighted SPL' s and on the 1/3 
octave spectrograms, the 8 1/2 inch length Has selected as the optimum 
length. All of the spectrograms were very similar but the 8 1/2 inch 
length provided 1 to 2 dB greater attenuation in the range of fre-
quencies from 160 Hz to 250 liz and 1 to 2 dl3 greater attenuation from 
700 Hz to 1200 Hz. The back pressure developed by each of these 
mufflers was approximately the same (0.9 psi). 
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Figure D-1 
One-third Octave Spectrograms Obtained by Tuning the Length of 
the Expansion Chamber Muffler 
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Tuning the Length of the Tail Pipe for the 
Expansion Chamuer f1uffler 
The tail pipe length was calculated knowing that attenuation in 
the vicinity of 1000Hz was desired. Therefore, in tuning the length 
of the tail pipe, the SPL in the 1/3 octave band centered at 1000 Hz 
was utilized as a measure of tail pipe performance. The entire fre-
quency spectrum, i ncl udi ng the overall and 11 A11 weighted SPL • s v~as 
also considered to determine if any detrimental effects resulted from 
a particular tail pipe length. In each of the tests, an expansion 
chamber muffler 8 1/2 inches in length was utilized as the test 
muffler. Table E-1 shows the results for each length considered. 
Table E-1 
Results of Tuning Tail Pipe Length for 
Expansion Chamber t1uff1 er 
SPL in 1/3 Octave 
II All l~ei ghted ~and Centered at 
Tail Pipe Length Overall SPL SPL 1000 llz 
(in) (dB) ( dBA) (dB) 
4.00 (Figure E-1) 112.5 109 92 
3.50 (Figure E-1) 112.5 109 92 
3.00 (Figure E-1) 112.5 109.5 91 
2.85 (Figure E-2) 112.5 109.5 91 
2.50 (Figure E-2) 112.5 110 93 
2.00 (Figure E-2) 112.5 110 94 
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From a comparison of the 1/3 octave spectrograms, it can be seen 
that as the tail pipe length is decreased the amount of attenuation 
at those frequencies below 300 liz increases slightly v1hile at the 
same time the SPL at 1500 Hz increases. This increase in the SPL at 
1500Hz accounts for the increasing value of the 11 A11 vJeighted SPL. 
It was felt that the addition of some type of sound energy absorbing 
material to the muffler (verified in Appendix F) would attenuate the 
spectrum above 500 Hz such that the advantage of having additional 
attenuation at the lower frequencies would offset the increased SPL 
at 1500 Hz. 
Since the 3 inch tail pipe provided exactly the same spectrum as 
the design tail pipe length of 2.85 inches, and each of these provided 
the most 11 We11 rounded 11 spectrum, the 3 inch tail pipe was selected 
as the optimum length. 
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Figure E-1 
One-third Octave Spectrogram for Expansion Chamber Muffler with 
4.00 Inch, 3.50 Inch, and 3.00 Inch Tail Pipes 
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Selection of Sound Energy Absorbing Material to be Used in 
Prototype ~·1uffl er Design 
Three types of sound energy absorbing material were considered 
for possible use in the prototype mufflers; mineral wool, steel wool, 
and polyurethane foam. An expansion chamber muffler vlith a chamber 
length of 12 inches and a three inch tail pipe was used as the test 
muff1er. An air passage of 3/8 inch mesh hardvvard cloth, 1 1/8 inches 
in diameter was located in the center of the expansion chamber and the 
sound energy absorbing material filled the volume betvJeen the air 
passage and the outer shell of the muffler. Substitution of the 
various materials gave the results sho~m in Table F-1 and in the 
accompanying spectrogram. 
Table F-1 
Results of Tests Using Various Sound Energy Absorbing 11aterials 
in an Ex pans ion Chamber t1uffl er 
Configuration Overall SPL II All Weighted SPL 
(dB) (dBA) 
mineral wool (densely packed) 98.5 93 
steel wool (medium packing density) 98.5 91 
polyurethane foam (densely packed) 99 93 
In order to select the best sound energy absorbing material, tile 
expected length of service before replacement must also be considered 
along with the attenuation provided. Each of the configurations was 
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Figure F -1 
One-third Octave Spectrogram for Expansion Chamber nuffl er vii th 
Various Sound Energy Absorbing f1aterials as Liners 
A, Unmuffled exhaust 
B, Steel vmol 
C, Mineral \1/0ol 
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inspected following its testing to determine if any detrimental 
effects resulted. 
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All three of the materials became oil soaked; however, the oil 
\'lould seep out of the steel wool during periods ~Jhen the drill was 
not in operation. Some of the oil seeped out of the mineral wool, 
but not as much as from the steel wool. Due to the tight cell con-
struction of the polyurethane foam, very 1 ittl e of the oil that it 
absorbed seeped out. 
Air turbulence within the muffler caused small pieces of the 
mineral wool to be torn loose and blown out the tail pipe. It was 
felt that the mineral wool would not have a useful life long enough 
to make its use as a sound energy absorbing material v>~ithin the 
muffler practical. Neither the steel vmol nor the polyurethane foam 
were damaged by the air flow. 
Although the effect of moisture was not investigated, the probable 
effect on polyurethane foam would be the same as oil. Water would 
cause deterioration of the mineral wool and rusting of the steel vmol. 
Rusting of the steel wool could be overcome with the use of stainless 
steel wool. 
Although polyurethane foam and mineral wool provided greater 
attenuation at frequencies above 1000 Hz than the steel wool, the 
steel \Jool \'las more efficient in attenuating those frequencies belO\" 
1000 Hz. Based upon the attenuation provided and the practical use-
ful ness of each, s tee 1 woo 1 v>~as se 1 ected as the best sound energy 
absorbing material of the three and was utilized in prototype 
muffler design and testing. 
157 
It was found that a medium packing density (10-12 lb/ft 3 ) of 
steel wool provided almost as good attenuation characteristics as a 
very heavy packing density (16-20 lb/ft 3 ). A light packing density 
(3-5 lb/ft 3 ) did not provide acceptable attenuation. In all tests, 
No. 1 (medium grade) steel wool was used. Figure F-2 shov1s the 1/3 
octave spectrograms obtained for various packing densities of steel 
wool in the test muffler. 
No. 1 (medium grade) steel wool vlith a medium packing density 
was used in all instances where a steel wool liner was specified 
during prototype muffler design and testing. 
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Figure F-2 
One-third Octave Spectrograms for Expansion Chamber r1uffl er wi til 
Steel Wool Liners of Various Packing uensities 
A, Unmuffled exhaust; 116 dG (114.5 dHA) 
H, 4 1b/ft3 ; 101.5 dB (95 dUA) 
C, 11 lb/ft 3 ; 98 dB (90.5 dBA) 
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